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INTRODUCTION 
Study of metals containing interstitials has been aided greatly using internal friction 
techniques. After methods had been developed for the heavy interstitials C, N and 0 in such 
metals as iron, niobium and tantalum, applications were extended to the light interstitial, H, 
in these same metals. The career of Otto Buck and his many collaborators spanned this last 
endeavor. Using important papers from his career, significant features of our understanding 
of alloys of metals with hydrogen are described. 
HISTORICAL BACKGROUND 
The study of hydrogen in the bec metals has been aided by application of internal friction 
techniques. This originated in 1941 when Snoek showed that carbon in bec iron occupies 
sites of octahedral coordination, ie, cube edges and faces [1]. The resultant local tetragonal 
strain in the cubic metal has several consequences. It is, for example, the origin of martensite 
in carbon steels. Further, change in the popUlation of sites in the three crystal directions 
under uniaxial tensile or shear stress gives an out-of-phase strain, producing internal friction. 
Detailed analysis of both the magnitude of the energy loss and its temperature dependence 
allows calculation of such properties as the bulk diffusion constant, the chemical composition 
and the rate of precipitation of carbides. The work was extended to nitrogen in iron and 
carbon, nitrogen and oxygen in other bec metals, tantalum and niobium at the University of 
Chicago by Dijkstra, Ke and Wert under the guidance of Zener [2-4]. The technique was 
later expanded by others to the bec metals, vanadium, molybdenum, tungsten and chromium 
and to ternary alloys of all of these metals. The success of all of these investigations resulted 
from accurate knowledge oflocallattice strain about the dissolved interstitial atoms. 
This success caused experimenters to investigate alloys of hydrogen in the bec metals. It 
soon became clear that such measurements were more difficult than for alloys with heavy 
interstitials. Phase diagrams were not known. Hydrogen was found to occupy sites with 
tetrahedral coordination and strain fields were more uncertain. Measurement was required 
down to liquid helium temperatures, since hydrogen diffuses many orders of magnitude more 
rapidly than do the heavy interstitials. Even so, progress was made in understanding diffusion 
and phase changes in alloys with hydrogen. Purely scientific work was paralleled by 
technological study of hydrogen embrittlement of steels. 
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Impetus was given to this work by the oil shortages (and high price) of the 1970's. 
Federal funding agencies poured much money into study of alternate energy sources, 
particularly hydrogen (as a fuel) and to use of coal, oil shale and tar sands for liquid and 
gaseous fuels. Many ofus shared in some of these investigations. Although scientific and 
technological investigations benefited from this intlision of money, use of hydrogen as an 
alternate fuel has slowed on economic grounds, since oil now has a price about 4 times less 
(in 1975 dollars). So the extra funding gradually dried up in the 1980's. 
This paper examines four aspects of hydrogen behavior in metals, all related to work of 
Otto Buck: First, work is described on hydrogen-related dislocation internal friction in Nb 
and its relationship to the Nb-H phase diagram. Second, the search for a hydrogen-Snoek-
peak analogous to that of heavy interstitials is pointed out. Third, measurement is reported 
on the effect of hydrogen additions to elastic constants ofNb. Fourth, embrittlement of steels 
by hydrogen is briefly noteded. Finally, aspects of hydrogen as a potential fuel are reviewed, 
as was envisioned by funding agencies as well as scientists and technologists of the 1970's. 
INTERNAL FRICTION IN NB-H ALLOYS 
The first major study of alloys with hydrogen by Otto Buck and colleagues occurred at 
the Science Center of Rockwell at Thousand Oaks [5]. A single crystal ofNb was placed in 
longitudinal resonant oscillation at 13 kHz and its internal friction was measured. Hydrogen 
contents ranged from zero to several at. %. Measurements were made after the crystal was 
cooled to low temperature and was slowly heated toward room temperature. A broad 
internal peak was observed below room temperature, the position and height of which 
depended on the hydrogen content and the temperature to which the crystal had been cooled. 
Two such measurements of many reported are shown in Figure 1. These peaks are similar to 
those earlier ascribed to dislocation damping in deformed metals [6,7]. Later Amano and 
Sasaki showed that dislocations loops were punched out during precipitation of hydrides in 
Nb [8]. Motion of these dislocations under the longitudinal stress field is the cause of the 
energy loss. Formation of dislocations during precipitation of compounds is not confined to 
hydrides; they have also been seen by Dahlstrom and Eyre for nitrides precipitated in Nb [9]. 
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Figure 1. Internal friction of a crystal ofNb for two concentrations of hydrogen. 
1642 
400 
K 
P 
T 
t 
20 ,:~~ 
, ' Ii'" 
, ,I ,'i ~ 
a+.c ,,_ 1,\" 
,I , II h,' 
0 
0 4 
H'Nb 
o.s 1.2 
Figure 2. Partial phase diagram ofNb-H. After Schober and Wenzl. 
This punching-out of dislocations by hydride precipitation is not confined to Nb, but 
exists for other hydride-forming alloys. Pumping hydrogen in and out ofPd has been shown 
by Goltzov to produce dislocation tangles analogous to those resulting from cold working, a 
process he calls naklep [10,11]. He has also shown such effects on a macroscopic scale for 
Nb [12] and Yoshimura describes similar effects in alloys ofTi [13]. Both claim that this 
method of internal cold-working is potentially valuable in producing alloys with superior 
mechanical properties. This effect is aided by the extraordinarily rapid diffusion of hydrogen. 
Details of the phase diagram ofNb-H were reported by Schober and Wenzl [14] at the 
time of the Nb-H work; a sketch is shown in Figure 2. From measurements of the 
temperature of onset of the dislocation damping peak for specific H concentrations, the 
location of the phase boundary between the a-solid solution and the p-phase (NbH) could be 
specified by Buck et al [5]. Those calculations are shown by the circles in Fig. 2. As you see, 
agreement is good with Shober's line for the a phase boundary. 
Additional sharp peaks were observed during heating and cooling just below room 
temperature [15]. Two such observations are shown in Figure 3. They are not thermally 
activated; later observations by Hsieh at 1 Hz and by Amano, Mazzolai and Birnbaum at 10 
MHz [16] showed them at the same temperature. They result from absorption of energy by 
changes in spatial configuration under stress of ordered hydrogen-deficient sub-phases of the 
orthorhombic non-stoichiometric p-phase. See the lines at 208 K and 230K in Figure 2. 
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Figure 3. Internal friction peaks having their origin in phase changes in the hydride NbH. 
1643 
DIFFUSION OF HYDROGEN IN THE BCC METALS 
An immense literature exists on measurement of diffusion of hydrogen (and its isotopes 
deuterium and tritium) in metals. For a concise compilation, see the reviews ofVolkl and 
Alefeld [17] and Wipf [18]. Some of these measurements were made using internal friction 
techniques, others by permeation from a gaseous atmosphere, still others by measuring 
diffusion in a concentration gradient. Following are a few general observations: 
First, hydrogen diffuses extremely rapidly in metals, compared to the heavier interstitials 
and substitutional alloying elements. For example, in iron, H diffuses a j.lm in one-tenth of a 
millisecond at room temperature. Carbon diffuses a j.lm in iron in about 100 years at room 
temperature and nickel in iron not in the lifetime of the universe. 
Second, the isotope effect is "normal" in most instances; the heavier isotopes deuterium 
and tritium diffuse more slowly than does hydrogen. 
Third, quantum mechanical tunneling certainly dominates diffusion at low temperatures, 
providing a fertile field for theory. 
Four, in spite of many attempts, the Snoek effect has not been seen for a pure bec metal. 
Turn now to consideration of the last of these points, lack ofa Snoek internal friction 
peak. For the heavier interstitials, such as carbon in iron, carbon is distributed equally in sites 
whose local tetrahedral strain field lies equally along the three coordinate axes x, y and z. If a 
stress be applied, say a uniaxial longitudinal stress along the x axis, the energy of the system 
is reduced if more carbon atoms occupy sites whose strain axes are along x; the y and z sites 
are slightly depleted. Such rearrangement requires time for an elementary diffusion jump to 
occur. In-as-much as a delay occurs between application of the stress and the establishment 
of the new equilibrium state, strain lags behind the stress and an internal friction damping 
peak is observed, the Snoek peak. Wert and Zener [4] showed that the macroscopic diffusion 
coefficient, D, is related to the frequency of oscillation, f, by the equation 
D = constant x d2 x f 
The factor d is the cube edge of the crystal. The constant is about 0.2 for carbon in iron. This 
equation, and variants for different experimental techniques, served as a basis for an immense 
number of measurements for 30 years for all of the heavy interstitials in the bec metals. It 
was therefore natural for experimenters to seek to apply the technique to diffusion of 
hydrogen in the bec metals. All attempts to show a measurable effect have failed. 
Examine the case for the experiment for H in Nb. Between 250K and 120K. hydrogen 
diffusion in Nb (measured by "bulk methods") obeys the equation 
D = 0.9 X 10-8 x exp(-1560IRT) m2/sec 
The number 1560 has units caVmol (0.045 ev). Plotting this equation in coordinates log D vs 
lIT and extrapolating to low temperature gives the line in Figure 4. From the equation above 
for D as a function of frequency, we find a value for D of about 5 x 10-17 m2/sec for 13000 
Hz. Thus a Snoek peak should be seen near 45K (the circle in Figure 4). Examination of 
Figure 1 shows no peak at there. An even earlier attempt was made by Cannelli and Verdini, 
who observed sharp peaks at about lOOK in both Nb and Ta at frequencies near 100 kHz 
[19]. They calculated activation energies of 0.18 ev for Nb and 0.12 ev for Ta, values they 
attributed to diffusion ofH in these metals. These values are far in excess of the bulk values 
quoted by Volkl and Alefeld, so that interpretation is not correct, as they later noted. Even 
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Figure 4. Diffusion coefficient ofH in Nb plotted at low temperatures. 
so, their work has been followed by countless studies, many showing damping peaks near 
lOOK. None can be Snoek peaks; activation energies are too high by a factor more than 2. 
One must conclude that no Snoek effect has been observed for H in the bec metals. 
Why should this be so? Some have proposed that the local strain field about the hydrogen 
atom is too small. Others that the hydrogen in solution at low temperatures is too small to 
provide a large enough macroscopic strain for a measurable effect to exist, a proposal that is 
partly negated by a lack of a hydrogen Snoek peak in iron, a non-hydride-former. Still others 
that the local strain field is not tetragonal, but is cubic. Whatever the reason, little work now 
continues on that search for the pure bec metals .. 
Other internal friction studies are reported for hydrogen in ternary alloys ofbec metals. 
They are based on early observations that extra damping peaks are observed for N in ternary 
alloys of iron. Dijkstra and Sladek showed that Mn additions to iron produced a normal 
Snoek peak for dissolved nitrogen, but also an additional peak [20]. Their measurements 
permitted calculation of partitioning ofN between the normal Snoek sites for which N-atoms 
had only iron neighbors and other sites for which the N-atoms had some Mn neighbors. That 
work was followed by additional studies of such interaction peaks for both iron and other 
bec host metals. Nurnakura and Koiwa have recently written an excellent review of both that 
past and more recent work [21]. For present considerations the most significant point is that 
the extra peak lies always at a higher temperature than the normal Snoek peak and yields a 
activation energy for diffusion than that for the Snoek peak. Thus the extra peak always 
overestimates the diffusion activation energy of the interstitial in the host metal. 
Such uncertainties not-with-standing, many such experiments have been carried out for 
hydrogen in the bec metals alloyed with other metals or heavy interstitials such as oxygen. 
Peaks are invariably found; for usual frequencies between 1 Hz and 10 MHz, they occur 
between 50K and 200K. Such a measurement for V plus 3.8 % Ti is shown in Figure 5 from 
a paper by Tanaka and Koiwa [22]. Activation energies, when they have been measured, are 
always higher than those measured by bulk techniques for diffusion ofH in the pure host 
metals, as they were for N in iron. Further, the energy absorption peaks are too broad for a 
single relaxation, ie. atomic jumps for a unique diffusion geometry. In spectroscopic terms, 
one has not a single spectral line, but a band. Even so, many experimenters call such 
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Figure 5. Internal friction peaks caused by H motion in V-Ti alloys and in V-Nb alloys. 
observations Snoek peaks, and cite the activation energies as that for hydrogen diffusion. 
They are, actually, local motion of semi- or fully-trapped hydrogen atoms. 
Most such measurements are for ternary alloys in which the added metallic element has 
limited solubility. A group at Ames found such interaction peaks for hydrogen in alloys of V 
and Nb, which have complete solubility from pure V to pure Nb [23]. Such alloys have large 
enough hydrogen retention in solid solution at low temperatures that they could observe such 
interaction peaks over the concentration range 20% to 90% Nb. The peaks came at about 
lOOK for a frequency of about 1 Hz. One such measurement is shown also in Figure 5. 
Measured activation energies were somewhat higher than those measured for hydrogen 
permeation in these alloys. Extrapolation of their observations to pure V and Nb yields 
values too high for diffusion ofH in the pure metals, as well. Further, the damping peaks 
were far too wide for a single spectral line, showing (as the authors stated) that the dissolved 
hydrogen occupies a large variety of sites. Complexity of interpretation is provided by 
observations that similar damping peaks exist in fcc Pd and in hcp Zr, metals which cannot 
display Snoek peaks. All ofthese observations show that direct measurement of hydrogen 
diffusion in pure metals and alloys at very low temperatures is fraught with great uncertainty 
of interpretation. Those uncertainties not-with-standing, dozens of experimental attempts are 
reported annually. 
EFFECTS OF HYDROGEN ADDITIONS ON ELASTIC CONSTANTS 
The elastic constants relating strain in a material to the applied stress are not only of 
technological importance, but they are also of scientific interest because they describe the 
nature of the potential energy well in which the atoms reside. The strain energy of a 
deformed solid is found to increase as the square of the strain, for modest strains, ie, as a 
square of the displacement of the atoms from the mean position. For this reason., the elastic 
constants like Young's modulus and the shear modulus are called the second order moduli. 
This means that the fundamental shape of the potential well for small strains is parabolic, 
Figure 6. As can also be seen from this sketch, departures from the parabolic shape are to be 
expected for large strains. The constants which describe those departures from parabolic 
behavior are called the Higher-Order-Elastic-Constants. The first members of this series are 
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Figure 6. Sketch of the potential energy well in which the atoms of a solid reside. 
called the Third-Order-Elastic-Constants, since they depend on the cube of the strain. They 
are described in papers by Thurston and Brugger [24] and Hearrnon [25]. The number of 
independent second-order elastic constants is 3 for cubic crystals, CII (related to Young's 
modulus), C I2 (related to Poisson's ratio) and C44 (related to the shear modulus). The 
number of third order elastic constants for cubic crystal is 6, of which CII I. CII2 and C123 are 
related to linear strains and the remaining three, C144, C I66 and Cm , are related to shear 
strains. Values of these constants may be made by determining the velocity of sound in 
specific directions in a single crystal while the crystal is under an imposed static stress large 
enough to move the atoms appreciably from their zero stress position. Measurements have 
been reported for many solids (mostly for pure metals and compounds); they were reviewed 
(up to 1981) by Hiki [26]. Another review was published (in 1998) by Sahasrabudhe and 
Lambade, who also present a new technique for calculating the Third Order Constants [27]. 
The third order elastic constants of pure Nb had been measured earlier by Graham, 
Nadler and Chang [28]. A group ofus at the Science Center and the University ofIllinois 
undertook to make such measurements on the same single crystal after controlled hydrogen 
addition [29, 30]. The following constants were determined as a function ofH-concentration: 
1. Changes in the second-order elastic constants, Cij. 2. Changes in the temperature 
derivatives of the second order elastic constants dCij /dT. 3. Changes in the third-order 
constants Cjk. 4. Changes in the volume of the crystal when hydrogen was added. 5. Changes 
in the thermal expansion coefficient, a. Changes in these constants basically show how the 
potential well of the average Nb atom is altered when H atoms are added in solid solution. 
The chief results are tabulated in Tables 1,2 and 3 in abbreviated form. One sees that 
constants relating to shear deformation C44, C141 , C I66 and C456 are affected more by hydrogen 
additions than those related to simple extension, CII, CII!' Cm and C123 • Further analysis 
was made possible from measurement of the thermal expansion coefficient, a. The value ofa 
for pure NB is about 7.8 x 10-6 KI. It changes by about -0.2 x 10-6 KI per at.% H added, a 
reduction of about 2.5% per at % H. In addition, the change in volume of the crystal by the 
H addition was measured. When these two effects are taken into account, values at constant 
volume can be calculated; we called these "intrinsic" values. This adjustment yields values 
listed in the fourth line of Table 1; you see that all of the intrinsic second order elastic 
constants are positive. The metal is stiffened by addition of hydrogen. 
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Table 1. Changes in the second order elastic constants ofNb with H addition. Line 3 gives 
the values {11M}{~aC}. The last line are values at constant volume, the intrinsic values. 
aC I tfC I I 
perat%H 
-0.15% 
+0.81% 
aC44/C44 
perat%H 
+1.7% 
+1.97% 
aBlB 
perat%H 
o 
+1.19% 
Table 2. Changes in temperature derivatives of the second order elastic constants ofNb with 
H addition at room temperature. Values in 10-6 KI. Not corrected for thermal expansion. 
aC l1 aC44 
---
""E4AT Cl1 aT 
PureNb -87 -23 
For 1 at. % H -93 -45 
Change per at% -7% -95% 
Table 3. Changes in the order elastic constants ofNb with H addition at 25°C. 
aMIM per at% H 
C111 
-1% 
CI12 Cm 
-1.8% +4.5% 
CI41 
+10% 
CI66 
-15% 
EMBRITTLEMENT OF MATERIALS BY HYDROGEN 
C456 
-6% 
Discussion must be made of embrittlement etIects of hydrogen on materials, especially 
of high strength steels. This age-old problem results in a host of technological papers each 
year, some of technological importance, others of more scientific interest. Otto and other 
members of the group at Ames participated in these investigations. Analysis of the work 
cannot be made simply, so I content myself with the following observations. 
Hydrogen may induce fracture in solids when hydrides form at a crack tip. The hydride 
itself may fracture allowing the crack tip to advance. Such advancement continues as hydride 
particles form successively at each position of the crack. This embrittlement is characteristic 
of alloys of hydrogen with metals such as Nb and V. 
Understanding of embrittlement of non-hydride forming materials (such as steels) is on 
much less secure grounds. Two concepts provide competing views. The first is that hydrogen 
reduces the cohesive strength of the solid. When hydrogen accumulates at a crack tip it 
causes local decohesion, allowing the crack to advance. Dissolved hydrogen can diffuse 
extremely rapidly, so this accumulation can occur at very low temperatures. Some authors 
argue that computer simulations show that hydrogen does reduce cohesive energy. 
Experiments on real solids that show this reduction are not available. The second view is that 
hydrogen accumulation can cause increased emission of dislocations at a crack tip or can 
increase their mobility. Thus crack advancement under stress occurs by enhanced plasticity. 
Experiments on thin film specimens in the electron microscope indeed show enhanced slip on 
closely spaced slip planes, which then fail by normal rupture. This finding is disputed by 
some on the grounds that a thin film sample is not the same as a bulk material. For an 
extensive review of this entire subject, see the article by VehotI [31]. 
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HYDROGEN AS A FUEL 
The point was made earlier that petrolewn shortages in the 1970's and the threat of high 
prices caused federal money for research for alternate fuels to increase. Many of the studies 
on hydrogen in metals cited here were funded with that money. Was it wise? Was the 
research important? Was such research significant to the use of hydrogen as a fuel? The first 
part of any answer is that hydrogen will indeed one day become an important part of the fuel 
mix, but that it will not occur on a massive scale as long as petrolewn supplies are plentiful 
and as cheap as they now are. That day would be hastened if it becomes more obvious that 
we cannot add an endless quantity of CO2 to the atmosphere with risk that undesirable 
climatic changes would occur. 
We are such prodigious users of energy that the supply picture can change rapidly. For 
example, the USA was a net exporter of oil in the 1950's. But production in the USA peaked 
about 1970 and has fallen some 40% since then. We now import about half of our oil. World 
production of petrolewn is anticipated to peak sometime between the years 2000 (pessimistic 
view) and 2020 (optimistic view) [32]. Finding of major new fields cannot extend these dates 
appreciably. Price increases are then certain. Furthermore, refining technology for use of tar 
sands, for extraction of liquids from oil shale, or for conversion of coal to liquid or gaseous 
fuels is not advanced enough to permit rapid make-up of the loss of supply of petroleum. 
Application of hydrogen as a fuel is being examined world-wide based on liquid 
hydrogen. Losses from dewars can be made relatively small (about I % per day, as we know 
is true of liquid nitrogen and oxygen in laboratory dewars). Safety is, of course, a concern 
with hydrogen in the liquid state. So storage of hydrogen in metals and alloys (as a hydride) 
is being examined. Density of storage of hydrogen can be larger than that for the liquid. But 
cost, reversibility of absorption and desorption, lifetime of the storage blocks and other 
technological details seem still uncertain. See the article by Dantzer [33]. Large scale 
transmission of hydrogen gas through pipelines and storage of gas at high pressure brings 
problems that will need solutions to problems of embrittlement and corrosion. 
But the biggest deterrent is unfavorable economics. Liquid hydrogen as a fuel is 
several times more costly than present petrolewn or natural gas fuels. In fact, most of the 
hydrogen now used (as for ammonia fertilizer, for example) comes from the catalytic 
cracking of natural gas at high temperature. This is just the opposite of what one would 
hope to be possible for hydrogen to be a viable substitute for hydrocarbon fuels. Although 
H2S from gas wells, biomass, and low rank coals are being considered for starting 
material, the only practical material is H20. That requires about 3ev (69000 cal/mol) of 
energy in a process best carried out by electrolysis. That requires a source of electrical 
energy. Clearly use of electric power from coal or natural gas steam plants is self defeating, 
so use of solar generated electricity is the most likely alternative; hydropower and 
windpower being not large enough sources. Direct conversion in a tandem pair of p-n 
junctions has been demonstrated on a laboratory basis [34], but such an application on a 
large scale is far in the future. All of these uncertainties not-with-standing, use of 
hydrogen as a fuel will gradually creep into the fuel mix. 
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